coast (Monterey County). Kern County is the stateʼs largest producer with 75% of the acreage (USDA, 2000a) .
Weeds are a constant problem in carrot production. Carrot is a poor competitor and sensitive to weeds (Stall et al., 2000) . The high planting density limits the use of cultivation for carrot weed control, and herbicides are essential for production of carrots (Bell et al., 2000a) . Carrot growers have long relied on three very effective chemicals for weed control: metham, linuron, and trifluralin (USDA, 2000b) . However, recent legislation threatens to eliminate one or more of these herbicides. The Food Quality Protection Act (FQPA) of 1996 requires the U.S. Environmental Protection Agency (USEPA) to reassess all pesticide tolerances by 2006. The FQPA may result in use restrictions, loss of crop tolerances, or requirements for costly environmental monitoring studies that will lead to the loss of herbicides (Bell et al., 2000b) . Weed control programs in low-hectarage crops such as carrots will require weed control options (USDA, 2000b) if pesticide producers decide not to reinvest in linuron, trifluralin, and other older, lower profit herbicides in order to protect them in FQPA-mandated reviews (Bell et al., 2000a) .
EPAʼs reassessment could potentially eliminate the herbicides carrot growers have depended upon for years.
In the past 20 years, few new herbicides have been registered for use in vegetable crops. However, numerous new weed control tools have become available in corn and other major crops. Many of these new herbicides are active at rates of grams per hectare, rather than the kilograms per hectare rates of most of the herbicides currently used in vegetable crops. Low-rate herbicides leave little or no residue and have less groundwater and other off-target impacts than older, high-rate herbicides (Bell et al., 2000b) .
The federally funded IR-4 program has helped register pesticides for vegetables and other "minor" crops since the early 1960s. Recognizing that FQPA could potentially create deficiencies in weed control programs of many crops as pesticide registrations are withdrawn, IR-4 has begun to work toward registering newer herbicides. Another example of a program that sponsors research to identify new herbicides for at-risk crops is the USDAʼs Pest Management Alternative Program. A major agricultural policy goal has been a reduction in the amount of pesticides applied. Herbicides constitute 60% of the pesticide tonnage applied annually in the United States (USDA, 2000b) . The registration of low-usage rate, environmentally favorable herbicides for vegetables would provide growers with a sounder and more stable basis for vegetable weed control programs. The objective of this study was to identify new potential herbicides for fresh carrot growers.
Material and Methods
Carrots (Caropak) were planted in commercial fields in the San Joaquin Valley on 24 Aug. 1998 and 11 Aug. 1999 and in the Imperial Valley on 19 Oct. 1998 and 7 Oct. 1999. These sites were selected because their soil types, climate, and irrigation systems are representative of two important carrot-producing areas, the San Joaquin Valley and the low desert. Carrot was sprinkler-irrigated in the San Joaquin Valley and furrow-irrigated in the Imperial Valley. The San Joaquin Valley has a Mediterranean climate, with winter rains and dry summers. The Imperial Valley has a windy, arid climate with high sunlight and temperature. Mean temperatures from planting to harvest in the San Joaquin Valley were a maximum of 36 °C and a minimum 0 °C in 1998 and 33 °C maximum and 2 °C minimum in 1999. In the Imperial Valley, the mean temperatures were 33 °C maximum and 3 °C minimum in 1998, and 35 °C maximum and 2 °C in 1999 (Table 1) .
Rainfall differed dramatically between the Imperial and San Joaquin experimental sites. The highest monthly rainfall recorded in 1998 from planting to harvest was 66 mm for San Joaquin Valley and 11 mm in Imperial Valley. In 1999, the highest rainfall was 56 and 9 mm, respectively (Table 1) .
Soils at the Imperial Valley experimental sites were Imperial-Glenbar clay loam (fine- visual scale of 0 to 10 was used, in which 0 = no crop damage, and 10 = death of the carrot plant (Tables 2 and 3 ). Carrots were harvested at maturity, on 14 Jan. 1999 and 20 Jan. 2000 for San Joaquin Valley. The Imperial Valley experiment was harvested on 1 Apr. 1999 and 13 Apr. 2000. Carrot tops and roots from a square meter area were evaluated for possible damages or reduction due to herbicide application. Marketable roots and those with defects such as forks were counted and weighed. The data were subjected to analysis of variance and means separated using least significant difference at P ≤ 0.05 using SAS Proc GLM (SAS Institute, 1998).
Results and Discussion
San Joaquin Valley carrots were generally more tolerant of PRE herbicide applications than of POST ones. PRE ratings were slightly high at 4 weeks, but declined by the 8-week ratings. Neither PRE application of carfentrazone damaged carrots during the 1998 season (Table 2 ), but both rates slightly injured shoots in 1999 (Table 3) . Carrots also tolerated PRE applications of imazamox and triflusulfuron with minimal injury in 1998 and 1999. The effect of rimsulfuron at 7.3 and 14.1 g·ha -1 varied greatly between the 2 years, with an injury rating of 1.0 and 0.50 in 1998 and severe injury that ranged from 7.0 to 9.5 in 1999. Carrots were very tolerant of either PRE rate of dimethenamid in 1998, but were injured by the same treatments in 1999. Cloransulam and halosulfuron severely damaged carrot, irrespective of the rate or the application timing. The injuries due to low rates of cloransulam and halosulfuron were 2.0 and 3.3 by the 8-week rating in 1998, but were lethal (9.3 and 10.0) in 1999.
Carrots were more tolerant of either rate of imazamox than any other POST treatment in both 1998 and 1999. In 1998, POST imazamox applied at 3.6 g·ha -1 had an injury rating of 1.8 in 4 weeks that declined to 1.00 in the 8-week rating. POST imazamox applied at 7.3 g·ha -1 had an injury rating of 3.5 for the 4-week rating but decreased to 0.8 in the 8-week rating ( Table 2 ). The 1999 data followed the same trend of slight injury from either rate of POST imazamox early in the season that carrots completely recovered from by the end of the season (Table 3) .
San Joaquin Valley carrot yields for the PRE treatments were different from the visual injury ratings. It appears that the visual treatment effect on carrot tops did not necessarily correlate with root yield. Carrot tops, number and weight of marketable in PRE carfentrazone, imazamox, triflusulfuron and dimethenamid treatments were equivalent to those in the untreated control plots in 1998 (Table 2 ). All other PRE treatments reduced carrot top weight in 1998. The number of marketable roots in 1998 had mixed results for the PRE treatments. The high rate of carfentrazone was the only PRE treatment that did not decrease the number of marketable roots, and all POST applications reduced the number of marketable roots in 1998.
Marketable root weights were unaffected by the 22.7 g·ha -1 a.i. carfentrazone and the 3.6 g·ha -1 a.i. imazamox PRE treatments ( Table  2) . Most of the other PRE treatments caused some reductions in root yield, with severe reductions for either rate of cloransulam and the high rate of halosulfuron. Sulfentrazone, cloransulam, the high rate of dimethenamid and halosulfuron treatments severely reduced carrot top and root weight and the number of marketable roots ( Table 2 ). The number of forked roots was high when high rates of PRE treatments were used. Both the high and low rates of cloransulam and the high rate of dimethenamid, rimsulfuron, and halosulfuron greatly increased the number of forked roots in 1998. POST herbicide applications did not affect forking in either year (Fig. 1) .
In 1999, top weights from the low rate PRE application of carfentrazone, triflusulfuron, and both rates of imazamox were the only treatments comparable to the untreated control. POST imazamox and triflusulfuron were the only treatments that did not reduce carrot top weight in 1999 (Table 3 ). All the PRE treatments decreased marketable root weight in 1999; however, the imazamox treatments, and the low rate of triflusulfuron did not affect the number of marketable roots. Both PRE rates of imazamox, triflusulfuron, carfentrazone, and the low rate of sulfentrazone caused some Table 4 . The effect of rates and timing of different herbicides on carrot (Caropak) injury and yield in the Imperial Valley in 1998. Applications were made after carrot planting (PRE) or after seedling emergence and establishment (POST). Injury was recorded on a visual scale of 0 to 10, where 0 = no crop damage, and 10 = death of carrot plant. Table 5 . The effect of rates and timing of different herbicides on carrot (Caropak) injury and yield in the Imperial Valley in 1999. Applications were made after carrot planting (PRE) or after seedling emergence and establishment (POST). Injury was recorded on a visual scale of 0 to 10, where 0 = no crop damage, and 10 = death of carrot plant. reduction in the number of marketable roots. There were few marketable roots for either PRE application rate of chloramsulan, dimethenamid, halosulfuron, or rimsulfuron. The POST imazamox treatments, triflusulfuron, and the low rate of rimsulfuron had marketable root weights comparable to the untreated control (Table 3 ). Both POST rates of chloramsulan and halosulfuron severely reduced marketable root yield. Carrot root weights varied across treatments in 1999. Several herbicides, notably imazamox and triflusulfuron, had yields comparable to or slightly greater than the untreated control plots (Table 3) . For 3.6 or 7.3 g·ha -1 imazamox PRE, carrot root weight was 6.0 and 6.7 t/ha respectively. Triflusulfuron PRE applied at 7.3 and 14.1 g·ha -1 had roots weights of 7.0 and 5.7 t·ha -1 compared to 7.0 t·ha -1 for the untreated control (Table 3) . Imazamox and the low rate of triflusulfuron were the only POST herbicides that did not reduce root weight in the San Joaquin Valley in 1999. The low rate triflusulfuron treatment had a root weight of 7.0 t·ha -1 (Tables 3) with a low number of forked roots in 1999, but with more forking at the high rate. POST herbicides did not affect forking in 1999.
Imperial Valley carrots were more tolerant of PRE herbicide applications than the POST treatments at the Imperial Valley site. PRE application of carfentrazone, sulfentrazone, imazamox, triflusulfuron and rimsulfuron caused no injury to carrot during 1998 or 1999. Injury ratings were generally moderate at 4 weeks but decreased later in the season.
In 1998, crop injury ranged from zero to a low 0.8 visual rating for PRE applications of carfentrazone, sulfentrazone, imazamox, and triflusulfuron (Table 4) . Injury due to the high rate of rimsulfuron in 1999 was high for the 4-week rating but later decreased to a moderate 1.6 by the 8-week rating. Triflusulfuron applied at 14.1 g·ha -1 did not injure carrot at the 4-or 8-week rating in 1999. Halosulfuron and cloransulam caused more injury to carrots in 1999 than in 1998 irrespective of the timing or rates of application (Table 5 ). Neither rate of imazamox caused injury to carrots when applied POST and imazamox was the only safe POST treatment in 1998 and 1999.
Yield data and injury followed the same trend for PRE treatments in the Imperial Valley. The carrot top weight, number of marketable roots, and root weight were similar to the untreated control for PRE applications of carfentrazone, imazamox, sulfentrazone, and triflusulfuron (Table 4) . POST carfentazone, sulfentrazon, triflusulfuron, and imazamox had top weights that were comparable to the untreated control. The number of PRE marketable roots for these treatments ranged from a low of 66.8 to a high 115.8 per square meter compared to 69.1 per square meter of the untreated control.
The number of marketable roots for POST carfentrazone, sulfentrazone, dimethenamid and imazamox were also equivalent to the untreated control (Table 4 ). The number of forked roots due to injury from PRE treatments varied, with high numbers of forked roots for both rates of cloramsulan and halosulfuron, and the high rate of dimethenamid and rimsulfuron (Fig. 2) . In 1998, POST imazamox, carfentrazone, and sulfentrazone did not affect root weight. All other POST applied herbicides decreased yield in the Imperial Valley experiment in 1998 (Table 4) .
In 1999, the effect of PRE applications on carrot top weight, number of marketable roots, and root weight followed the same trend as in 1998, where carrots tolerated carfentrazone, imazamox, rimsulfuron, and triflusulfuron, and were injured by both rates of cloransulam, halosulfuron, and dimethenamid. The only POST treatments that did not affect carrot top weight were dimethenamid and imazamox (Table 5) . POST herbicide applications did not affect forking in 1999 (Fig. 2) .
The number of marketable roots was equivalent to the untreated control for the high and low rate PRE treatments for carfentrazone, sulfentrazone, imazamox, triflusulfuron and rimsulfuron (Table 5) . Among the POST treatments tested, the number of roots in plots treated with either rate of carfentrazone, sulfentrazone, and imazamox were not different from the untreated control. Carrot root weight was unaffected by either rate of carfentrazone, sulfentrazone or imazamox (Table 5) .
Carrot tolerated only a few herbicides in the San Joaquin Valley experiment, with PRE applications causing less injury than POST applications. Carrot in the Imperial Valley site tolerated more herbicides, including carfentrazone, imazamox, and sulfentrazone. Sulfentrazone applied either PRE or POST did not reduce carrot yield in the Imperial Valley, but injured and reduced the weight of carrot in the San Joaquin Valley. The differences in the soil textures, irrigation method, monthly rainfall and temperature may have affected how carrot reacts to the same herbicides in two different locations. Temperature and soil characteristics are known to affect herbicide activity and crop sensitivity (Haar et al., 2002) . Temperatures were similar for both sites, but precipitation was much less in the Imperial Valley than the San Joaquin. In 1998, the total monthly rainfall in San Joaquin Valley from planting to the harvest was 174 mm compared with 33 mm recorded for Imperial Valley. In 1999, total rainfall was again much greater for the San Joaquin site (123 mm) than the Imperial Valley (23 mm) (Table 1) . Irrigation systems for growing carrot were also different in these locations. Irrespective of rates of application and timing, carrot grown in either the San Joaquin or Imperial Valleys tolerated imazamox and triflusulfuron.
